Bradyrhizobium strains isolated from the nonlegume Parasponia spp. formed a group of strains that were highly competitive for nodulation of P. andersonii when paired with strains isolated from legumes. Strains from legumes, including those of similar effectiveness to NGR231 and CP283, were not able to form nodules as single occupants on P. andersonii in the presence of Parasponia strains. However, NGR86, an isolate from Macroptilium lathyroides, jointly occupied one-third of the nodules formed with each of the three strains isolated from Parasponia spp. Time taken for nodules to appear may have influenced the outcome of competition, since CP283 and all isolates from legumes were slow to nodulate P. andersonii. Factors involved in rhizobial competition for nodulation have been studied extensively in attempts to ensure that highly effective inoculant strains are able to form most of the nodules in the presence of other, often ineffective, strains of rhizobia. Many biological, environmental, and plant factors have been examined (9, 34) to determine their influence on the outcome of competition for host nodulation in laboratory, glasshouse, and field environments. These experiments have permitted the selection of possible competitive strains without any understanding of the genetics of the mechanisms involved. Only recently have the techniques of bacterial * Corresponding author.
Parasponia spp. remain the only known nonlegumes to form nodules with bacteria that nodulate members of the Leguminosae (37) . The Parasponia symbiosis is capable of fixing large quantities of nitrogen, which results only from nodulation with strains isolated from this nonlegume (37) . When inoculated with Bradyrhizobium spp. and Rhizobium spp. isolated from legumes, Parasponia spp. have delayed partial or ineffective nodulation (37) . Conversely, Parasponia bradyrhizobia have a restricted symbiosis with legumes (36) . This suggests that the Parasponia bradyrhizobia are a genetically distinct group capable of successfully nodulating this nonleguminous plant. In tropical areas where Parasponia spp. grow, the soil is populated with numerous Bradyrhizobium strains that are capable of promptly nodulating a wide range of legumes effectively. In this environment, Parasponia spp. are nodulated by compatible strains that are best able to compete with members of the indigenous soil population. These strains are usually able to infect this host rapidly and fix nitrogen effectively (37) .
Factors involved in rhizobial competition for nodulation have been studied extensively in attempts to ensure that highly effective inoculant strains are able to form most of the nodules in the presence of other, often ineffective, strains of rhizobia. Many biological, environmental, and plant factors have been examined (9, 34) to determine their influence on the outcome of competition for host nodulation in laboratory, glasshouse, and field environments. These experiments have permitted the selection of possible competitive strains without any understanding of the genetics of the mechanisms involved. Only recently have the techniques of bacterial * Corresponding author.
genetics been applied to the root nodule bacteria to study competition in nodule initiation (2, 4, 9, 29, 39) .
Dual occupancy of nodules in P. andersonii occurs frequently, and microscopical examination of the Parasponia root showed adjacent areas where multiple root entry of different Bradyrhizobium strains may occur (M. J. Trinick, D. J. Goodchild, and C. Miller, submitted for publication). This observation was considered a factor influencing the possible outcome of competition between Bradyrhizobium strains for nodulation of Parasponia spp. This study investigates the competition between the specialized Parasponia group of Bradyrhizobium and the Bradyrhizobium strains isolated from legumes in tropical soils.
MATERIALS AND METHODS Bradyrhizobium strains. Nineteen strains from legumes and Parasponia spp. are listed in Table 1 , with their speeds of nodulation and effectiveness ratings on Macroptilium atropurpureum and P. andersonii. Strains were selected on the basis of their effectiveness ratings on both hosts (37) . Strains fully effective on both hosts were not available (36) .
Inoculum preparation. Cultures, after 7 days growth at 28°C on yeast extract mannitol medium (YMA), were suspended in water to provide approximately 108 cells per ml (estimated turbidimetrically and confirmed by plate counts). These suspensions were appropriately diluted to prepare mixed inocula as required. Plants in agar tubes and Leonard jars were inoculated with 1-ml and 10-ml suspensions, respectively.
Plant culture. P. andersonii was grown on slopes of plant nutrient agar (25 ml) in test tubes (150 by 25 mm) closed with cotton wool plugs or in a vermiculite-sand mixture in Leon- ard jars and pots (35) . The plant nutrient solution at pH 7 for (Table 1) than isolates from legumes used in this study and other legumes not used in this study (36) . The only exception was CP283, which nodulated legumes rapidly but produced a delayed nodulation of P. andersonii. The delay in nodulation of M. atropurpureum (11 to 38 days) by Bradyrhizobium from Parasponia spp. was paralleled by the delay in the nodulation of P. andersonii by legume isolates.
Competition between Bradyrhizobium strains isolated from Parasponia spp. for nodulation of P. andersonii. (i) Paired inocula. Competitiveness of paired strains was independent of effectiveness expressed as nitrogen fixed and time required for nodulation to occur ( Table 2 ). The most effective study (CP299, CP273, CP283, and NGR231) represent the full range of effectiveness in nitrogen fixation for the collection (Table 1) . Legume strains slowest to nodulate P. andersonii were not included in the competition studies, since it was assumed that the slowly nodulating strains would be disadvantaged in competition with strains that showed faster nodulation. The effectiveness of the legume isolates (NGR243, NGR70, NGR74, NGR85, NGR169, NGR180, CB756, and 8B4), except for NGR169, on P. andersonii was similar to that of CP283 and NGR231, i.e., 10 to 20% effectiveness. The Bradyrhizobium strains from legumes were unable to compete successfully for P. andersonii nodule sites and form nodules as single occupants irrespective of their relative effectiveness or the time required for single inoculants to form nodules. For instance, CP283, a poorly effective isolate from Parasponia spp. which takes a similar time to form nodules as the legume strains on P. andersonii, prevented nodulation by the strains derived from legumes. Limited dual occupancy with legume Bradyrhizobium strains occurred with three (NGR86, NGR169, and 8B4) of the nine legume strains tested. The legume strain NGR86 appeared more successful than the others in forming dual nodule occupancy. Despite the slowness of NGR86 to nodulate P. andersonii, it formed dual occupancy with the highly competitive Parasponia strains ( (3, 8, 22, 23, 34, 38) . In cowpeas inoculated with a combined inoculum of fast-growing Rhizobium spp. and slow-growing Bradyrhizobium spp., dual occupancy is as high as 83%, depending on the ratios and which two strains were competing (38) . High incidence of dual occupancy was reported for subterranean clovers (75% with a particular inoculum ratio of 5:1 [8] ), soybeans (32% with inoculation density of 108 [21] ), and highly competitive R. leguminosarum strains nodulating Lens esculenta (22) . (1, 9, 13, 14, 16, 17, 27, 32, 34, 40) . Effectiveness of the symbiosis did not ensure strong competitiveness of the Bradyrhizobium strain in this study (Table 2) . Some legume studies (38) have shown that speed of nodule formation is correlated with competitiveness, while others have not (12, 26) . In this study, the time taken by a strain for nodulation was often related to competition (e.g., CP283, NGR86, and other legume isolates).
Increasing the inoculum level of poorly competitive strain CP283 by 100-fold failed to increase nodule occupancy. In contrast, similar increases with one of the pair of competing organisms on cowpeas (38) and subterranean clover (8) often had an influence on the outcome of competition.
The random single and multiple occupation by Bradyrhizobium strains in Parasponia nodules inoculated with a mixture of five serologically distinct strains (Table 3) demonstrates the need for a realistic approach to studying competition between strains for field evaluation. This experiment showed the complexity of the outcome of competition when more than two strains were used in the inoculum and the possible requirement for a large sampling for responses to be determined. In similar experiments (Table 2) with two strains, similar sample size permitted large differences between paired inocula to be observed. The field environment represents a complex environment of strains competing for host nodulation. Downie and Johnson (10) discussed the role of the rhizobial cell surface, including the influence of lipopolysaccharides, a high-molecular-weight exopolysaccharide, and a ,B-2-linked glucan on the infection process. Some Mucmutant strains of R. leguminosarum have been reported to fail to nodulate, while others appear to be unaffected in symbiotic nitrogen fixation (28) . Rhizobium mutants defective in exopolysaccharides, lipopolysaccharides, or the I-2-glucan often induce pseudonodules that are devoid of rhizobia (10, 11, 20) . The influence of the nature of the rhizobial surface on infection and the development of the symbiotic nodule is complex and varied (10). Downie and Johnson (10) concluded that the reasons for differences in the effects on symbiosis caused by the various mutations affecting exopolysaccharide production are not known. The surface characteristics of the Muc+, Muc', and Muc-types of CP283 did not appear to influence their time to nodulate, nodule numbers, or shoot weight or to affect their competition for nodulation of P. andersonii at high inoculum densities (Table 4 ). However at lower inoculum densities, the nonmucoid form appears more competitive.
These studies show that Bradyrhizobium strains isolated from Parasponia spp. are strong competitors for nodules on APPL. ENVIRON. MICROBIOL.
on July 9, 2017 by guest http://aem.asm.org/ Downloaded from P. andersonii, occurring in 100% of the nodules examined when in competition with strains from tropical legumes. In the presence of multiple Parasponia strain inocula, dual occupancy frequently was high, probably reflecting the root infection characteristics. The Parasponia group of Bradyrhizobium strains may contain different genetic information that permits their greater ease at infecting the nonlegume Parasponia spp. Study of this group in greater detail may provide useful information in any attempt to uncover the genetic requirements of bacteria to nodulate plants outside the Leguminosae.
